Abstract: Based on the hypothesis that arsenic exposure results in toxicity and mitogenecity, this study examined the dose-response of arsenic in established human cell lines of keratinocytes (HaCaT), melanocytes (1675), dendritic cells (THP-1/A23187), dermal fibroblasts (CRL1904), microvascular endothelial cells (HMEC), monocytes (THP-1), and T cells (Jurkat). Cytotoxicity was determined by incubating THP-1, THP-1+ A23187 and JKT cells in RPMI 1640, 1675 in Vitacell, HMEC in EBM, and dermal fibroblasts and HaCaT in DMEM with 10% fetal bovine serum, 1% streptomycin and penicillin for 72 hrs in 96-well microtiter plates, at 37 o C in a 5% CO 2 incubator with different concentrations of arsenic using fluorescein diacetate (FDA). Cell proliferation in 96-well plates was determined in cultured cells starved by prior incubation for 24 hrs in 1% FBS and exposed for 72 hours, using the 96 cell titer proliferation solution (Promega) assay. Cytotoxicity assays yielded LD 50 s of 9 µg/mL for HaCaT, 1.5 µg/mL for CRL 1675, 1.5 µg/mL for dendritic cells, 37 µg/mL for dermal fibroblasts, 0.48 µg/mL for HMEC, 50 µg/mL for THP-1 cells and 50 µg/mL for JKT-T cells. The peak proliferation was observed at 6 µg/mL for HaCaT and THP-1 cells, 0.19 µg/mL for CRL 1675, dendritic cells, and HMEC, and 1.5 µg/mL for dermal fibroblasts and Jurkat T cells. These results show that arsenic is toxic at high doses to keratinocytes, fibroblasts, monocytes and T cells, and toxic at lower doses to melanocytes, microvascular endothelial cells and dendritic cells. Proliferation studies showed sub-lethal doses of arsenic to be mitogenic.
Introduction
Arsenic occurs naturally in the environment and is a natural contaminant of water. Everyone is exposed to low levels of arsenic (especially inorganic arsenic) because it is always present in soil, water, food and air. The presence of elevated concentrations of arsenic in the environment has over the past 20 years given rise to increasing concern due to mounting evidence of adverse human health effects. Arsenic exposure has been associated with the development of cancer (particularly of the skin, lung and bladder, prostate, kidney and liver) [1] . While low dose ingestion does not have immediate fatal consequences, studies have shown that prolonged arsenic exposure significantly increases the risk of contracting various forms of cancer. Studies have shown that inorganic arsenic can increase the risk of skin cancer. The World Health Organization (WHO), the Department of Health and Human Services (DHHS), and the U. S. Environmental Protection Agency (EPA) have determined that inorganic arsenic is a human carcinogen [2] . Cancer does not occur immediately, and usually takes several years to develop [3] .
Over the past several years, skin and internal cancers have become a main human health concern arising from arsenic. Following long-term exposure, the first changes usually observed in the skin include pigmentation changes and then hyperkeratosis. Chronic exposure to arsenic frequently results in skin, lung, bladder, and kidney cancer [4] . The dermis is produced largely by fibroblasts. The dermis supports the vascular network to supply the avascular epidermis with immune surveillance provided mainly by monocytes/macrophages and T cells.
To understand the toxicity of arsenic on the skin, it is important to study the individual contributions made by the cellular elements of the skin. Since arsenic is a foreign element to the body it is imperative that we incorporate the contributions made by the immune cells which are the trigger for any responsiveness to foreign stimuli. Oxidative damage by ischemia-reperfusion injury may also be a trigger involved in the pathogenesis of arsenic induced toxicity/carcinogenecity. Therefore, the main parameter to be investigated in carcinogenesis is proliferation while evaluating the toxic nature of arsenic, cell cytotoxicity must be employed.
In this research, we investigated cell proliferation and cytotoxicity in established human cell lines represented by keratinocytes (HaCaT), melanocytes (1675), dendritic cells (THP-1+A23187), dermal fibroblasts (CRL1904), microvascular endothelial cells (HMEC), monocytes (THP-1) and T cells (Jurkat).
Materials and Methods

Chemicals and Cell Culture
Arsenic trioxide (As) with a 99.99% purity was purchased from Fisher Scientific (Suwanee, GA) and used throughout the experiments. Media and chemicals for cell culture were purchased from Gibco (Grand Island, NY). Fetal bovine serum was obtained from Hyclone Laboratories (Utah). 
Cell Treatment
Cells were counted and resuspended in media. Cells were starved 24 hrs for proliferation in 1%
FBS. For the cytotoxicity assay, cells were resuspended in 10% FBS with no serum starvation. The cell count for proliferation assay was 2,500 cells/well and 20,000 cells/well for cytotoxicity assay. An aliquot of 100 µL of cell suspension was placed in each well of 3-96 well plates. Various concentrations of As were used to treat the cells. Plates were incubated for 24, 48 and 72 hrs.
Cell Treatment for Proliferation
In column 1, 100µL of media containing cells was added. In columns 2 -12, 100µL of the different concentrations of As were added such that the final starting concentration of As was 0.37 µg/mL and ending with 200 µg/mL in row 12. After 72 hrs incubation, 20 µL of the 96 Cell Titer Solution was added, cells incubated for 1 and 4 hours at 37º C in humidified 5% CO 2 atmosphere and absorbance read at 490 nm. The total volume of the reaction mixture was 120 µl for the proliferation assay.
Cell Treatment for Cytotoxicity
In column1, 100µL of media containing cells were added. In columns 2 -12, 100µL of the different concentrations of As were added such that the final starting concentration of As was 0.37 µg/mL and ending with 200 µg/mL in row 12. After 72 hrs incubation, cells were centrifuged and washed twice with PBS. In the final wash, 20 µL of supernatant remained. An aliquot of 100 µL of Fluorescein diacetate (FDA; 10ng/mL) was added, plates incubated 35 minutes and read using a Floroskan II with filters set at emission wavelength of 485 nm and excitation of 538 nm. The total volume of the reaction mixture was 120 µL for the cytotoxicity assay.
Results
Data obtained from the cytotoxicity assay yielded LD 50 values of 9 µg/mL for keratinocytes, 1.5 µg/mL for CRL 1675, and dendritic cells, 37 µg/mL for dermal fibroblasts, 0.48 µg/mL for HMEC, and 50 µg/mL for Jurkat T cells and monocytes. The peaks of cell proliferation were observed at 6 µg/mL for HaCaT cells, 0.19 µg/mL for CRL 1675 and dendritic cells, 1.5 µg/mL for dermal fibroblasts, 6.0 µg/mL for THP-1, 0.19 µg/mL for HMEC, and 1.5 µg/mL for Jurkat T cells. Table 1 is a compilation of median doses for cell lethality (LD 50 s) and peak proliferation-related doses in different cell lines. 
Cell Proliferation Assay
Discussion
Disturbance of the balance between cell proliferation and cell death can result in cancer.
Proliferation assays measure cellular growth or increase after treatment while cytotoxicity assays measure the negative effects of a substance, arsenic, on cells. Cytotoxicity has been defined as the cell killing property of a chemical compound independent from the mechanism of death.
In the present study, it was demonstrated that different doses of arsenic trioxide induce proliferation and cytotoxicity in different human cell lines. Data obtained from this research clearly demonstrate that under similar exposure conditions, the mitogenicity and cytotoxicity of arsenic is highly dose-dependent; indicating a somewhat biphasic response that encompasses cell proliferation at lower doses of exposure, and cytotoxicity at higher does of exposure.
Arsenic has been shown to cause skin lesions. The skin is the first barrier of defense in disease control. However, arsenic poisoning comes from within the body through mostly the ingestion of contaminated water. Absorption of arsenic through the skin is minimal. It was assumed that the amount of arsenic needed to cause cytotoxicity would be higher in dermal fibroblasts than in keratinocytes. Following ingestion, arsenic should affect the inner most cells first, and it is anticipated that the dose of arsenic lowers as it reaches the outer layer of skin. In our parallel study of dermal fibroblasts and keratinocytes, we found that the LD 50 for dermal fibroblasts was 37 µg/mL (187µM) compared to only 9 µg/mL (45.5µM) for keratinocytes, thus showing that As is less toxic to dermal fibroblasts than keratinocytes.
Arsenic exhibits a clear predilection for the skin [7] . Several studies have been done to show arsenic increases proliferation in keratinocytes, dermal fibroblasts and Jurkat T-cells. Chiang et al. reported that continuous exposure to low levels of arsenite increased cell growth, and cell density in HaCaT cells [8] . It was reported by Chen et al. that arsenic alters epidermal keratinocyte differentiation processes, induces overexpression of growth factors, and enhances proliferation of human keratinocytes [9] . Bae et al. studied the effect of sodium meta-arsenite on HaCaT cells and found that the LD 50 was 4.8µM [10] . Keratinocytes treated with sodium arsenite have been shown to significantly increase in cell proliferation by showing an increase in cell numbers, and c-myc gene expression [11] . Studies have shown that exposure to arsenic induces genes involved in a variety of cellular processes that include proliferation and genetic recombination. Arsenic may stimulate keratinocyte proliferation by different mechanisms directly by affecting gene expression or indirectly by affecting cytokine regulators [11] . Vega et al. found that trivalent arsenicals induced cell proliferation at concentrations of 0.001 to 0.01 µM, and inhibited cell proliferation at high concentrations (>0.5 µM) [12] . In our study, 6 µg/mL arsenic trioxide was the corresponding peak proliferation-related dose for HaCaT cells.
It has also been reported that 1µmoL of arsenic trioxide caused reduced proliferation in Jurkat cells [13] . Our studies found that Jurkat T-cells (TIB 152) had a peak proliferation at 1.5 µg/mL (7.6µM).
Several studies have used other monocytic cell lines, for example U937, NB4, HL60, but no data was found for THP-1. Jia et al. found that 0.1 to 0.5 µM/L As 2 O 3 inhibited cell proliferation in RPMI 8226
and U266 cell lines. We found that THP-1 cells had a peak proliferation at 6 µg/mL arsenic trioxide [13] . Arsenic-exposed C3H 10T1/2 fibroblasts have been shown to undergo cell proliferation [14] . We found the peak proliferation of dermal fibroblast to occur at 1.5 µg/mL (7.6µM ) arsenic trioxide.
Several studies have addressed cytotoxicity of arsenic to keratinocytes, dermal fibroblasts, monocytes and Jurkat T-cells. Bae et al. showed that the mean LD 50 for HaCaT cells, when exposed to arsenic for over 24 hours, was 4.8µM [10] . Our studies found the LD 50 for HaCaT to be 9 µg/mL (45.5µM). It has been shown that when using 0.5 to 1µM of arsenic trioxide, apoptosis was induced in the monocytic cells line NB 4 [15, 16] . Cytotoxicity studies of two multiple myeloma (MM) derived cell lines, RPMI 8226 and U266, found that 2.0 µM/L As 2 O 3 induced cell apoptosis, and 1.0 µM/L As 2 O 3 inhibited proliferation resulting in a weak degree of apoptosis induction. These results showed that As 2 O 3 exerts apoptosis-inducing and growth-inhibiting effects on MM derived cells [17] .
Jurkat T-cells were shown not to be in a state of apoptosis (a form of cytotoxicity) when treated with low concentrations (1µmol/l) of arsenic trioxide. The amount of arsenic trioxide needed to induce apoptosis in Jurkat T-cells was a concentration of 5µM up to a 35 day incubation [13] . We found that the LD 50 for Jurkat T-cells was 50 µg/mL (252.7µM) on 72 h incubation.
Sodium arsenite concentrations of less or equal to 6 µM were shown to produce no cytotoxicity to the fibroblasts C3H 10T1/2 following 48 hrs exposure [14] . Toxicity study of sodium arsenite to human fibroblasts, WI 138, has determined an LD 50 of approximately 1.85µM [18] . Dermal fibroblast CRL1904, in our study, had a LD 50 of 37ppm (187µM).
When comparing our results to data from other studies on arsenic toxicity to monocytes, T-cells, dermal fibroblasts, and keratinocytes, it was shown that our doses were much higher than those previously reported. No data was found in the literature regarding the mitogenicity as well as the cytotoxicity of arsenic on demal microvascular endothelial cells, melanocytes or the dendritic cells.
Therefore, the consideration of epidermal and dermal layers of the skin in the assessment of cellular effects of arsenic on skin cells is highly significant. Further studies must be done to determine the disparities between our observations and those of others.
